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;  ABSTRACT  This  paper  discusses  microwave-induced  electroporation  as  a  promising  alternative  to  conven¬ 
tional  transfection  methods.  Adherent  C2C12  mouse  cells  are  successfully  transfected  with  a  5TAMRA  red- 
labeled  peptide  by  using  a  recently  developed  planar  microwave  electroporation  tool.  It  allows  to  monitor 
the  uptake  kinetics  with  live-cell  confocal  microscopy  and  is  suitable  to  culture,  manipulate,  and  observe 
the  adherent  cells  over  several  days.  Viability  tests  with  the  Calcein  blue  AM  proof  the  vitality  of  the 
treated  cells  after  72  h.  The  question  of  whether  the  observed  effects  are  temperature  or  field  induced  is 
tackled.  For  this  reason,  comprehensive  coupled  full-wave  electromagnetic-thermal  simulations  are  aligned 
with  temperature  measurements.  The  temperature  at  the  position  of  the  cells  does  not  exceed  34  °C  for 
an  input  power  of  24  dBm.  The  corresponding  electric  field  strength  is  evaluated  at  the  position  of  the 
cells.  A  value  of  150V/cm  is  not  exceeded,  which  is  at  least  a  factor  of  10  below  the  field  strength  of 
the  conventional  electroporation.  Consequently,  almost  no  cell  mortality  does  occur  during  the  treatment. 
Comparative  thermal  tests  without  a  microwave  field  but  with  a  successively  increased  temperature  up  to 
42  °C  show  no  uptake.  In  contrast,  the  successful  uptake  follows  the  pattern  of  the  microwave  field  although 
the  temperature  distribution  is  homogeneous.  We  rate  this  as  evidence  that  the  uptake  is  induced  by  the 
high-frequency  electromagnetic  field  rather  than  the  temperature. 


l  INDEX  TERMS  Electroporation,  exposure  system,  cells,  transfection. 


I.  INTRODUCTION 

One  of  the  most  challenging  steps  for  any  therapeutic  drug 
to  work  is  to  cross  the  barrier  of  the  cell’s  plasma  mem¬ 
brane  to  reach  their  molecular  targets,  in  order  to  interact 
with  a  specific  intracellular  protein  to  disrupt  or  activate  a 
given  cellular  circuit.  Cells  are  individualized  by  phospho¬ 
lipid  bilayers  effectively  separating  the  cell’s  interior  from 
the  extracellular  environment.  This  essential  barrier  function 
causes  a  hurdle  for  the  delivery  of  a  variety  of  compounds 
such  as  drugs,  DNA,  RNA  or  peptides  into  the  cell.  Conse¬ 
quently,  studying  and  manipulating  intracellular  metabolism 
is  limited  by  the  methods  available  for  intracellular  delivery 
of  molecules.  Although  different  physical  (micro-injection, 
electroporation),  chemical  (cationic  lipids  and  polymers)  and 
biological  (virus  infection)  methods  have  been  developed, 
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their  efficacy  and  applicability  strongly  varies  and  is  in  need 
of  continuous  optimization.  Electroporation  is  the  most  ver¬ 
satile  method  of  the  before  mentioned  as  it  is  not  limited 
to  a  specific  substance  to  be  delivered  or  by  the  type  of 
cells  to  be  used.  Since  1982  it  is  known  that  the  membrane 
can  be  overcome  by  exogenous  molecules  by  applying  an 
electric  field  for  a  certain  time  [1] .  Albeit  generally  applicable 
to  different  cell  types,  electroporation  commonly  requires 
cells  to  be  in  suspension,  i.e.,  cells  growing  on  a  substrate 
need  to  be  first  detached  usually  by  an  enzymatic  digestion 
step,  electroporated  and  subsequently  seeded  on  the  substrate 
to  re-attach.  This  protocol  involves  several  steps  and  time, 
greatly  reduces  cell  viability  as  a  large  portion  of  the  cells 
die  during  the  procedure  and  does  not  allow  continuous 
monitoring  of  the  effects  before,  during  and  after  the  deliv¬ 
ery  of  the  substance  by  electroporation.  In  fact,  most  often, 
the  reattachment  of  the  cells  alone  requires  several  hours 
and  the  observation  of  the  effects  can  only  be  started  the 
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next  day.  The  low  viability  of  the  cells  upon  electroporation 
intrinsically  limits  this  method  to  cells  available  in  large 
amounts  (e.g.,  tumor  cells).  Usually  pulsed  electric  fields 
are  used  [2],  [3]  but  successful  continuous  wave  (cw)  elec¬ 
troporation  is  also  documented  [4],  [5],  [6].  Moreover, 
high  magnetic  field  pulses  (5.5  T)  with  low  electric  field 
strengths  [7],  [8]  were  used  as  an  alternative  to  conventional 
electroporation  or  in  combination  [9]. 

The  necessary  field  strength  as  well  as  the  pulse  length 
and  frequency  highly  depends  on  the  application  and  the 
type  of  cell  but  are  still  ongoing  topics  in  current  research. 
Mechanisms  were  investigated  and  simulated  on  molecular 
level  in  depth  [10],  [11],  but  still  not  fully  understood  [12]. 
The  applied  pulses  can  be  in  the  range  of  milliseconds  down 
to  nanoseconds  while  the  electric  field  strength  is  in  the 
range  of  1  to  20kV/cm.  Current  research  even  focus  on 
sub-nanosecond  pulses  and  its  ability  to  target  intracellular 
structures,  which  was  summarized  in  great  detail  in  [13]. 

In  general  the  electric  field  applied  leads,  depending  on 
its  direction  relative  to  the  cell,  to  an  increased  or  decreased 
transmembrane  potential  (hyperpolarization  or  depolariza¬ 
tion).  This  causes  pore  formation  as  well  as  an  increased 
conductivity  of  the  cell  membrane.  The  minimal  required 
external  electrical  field  strength  is  related  to  the  trans¬ 
membrane  potential  of  the  cell,  its  radius  as  well  as  the 
required  size  of  the  pores.  Higher  field  strengths  increase 
the  uptake  efficiency  with  the  drawback  of  reducing  the 
cell  viability.  In  contrast  to  conventional  electroporation 
recently,  successful  electroporation  with  significantly  lower 
field  strength  at  microwave  frequencies  (18  GHz)  was 
reported  [14],  [15],  [16].  In  [14],  cw  signals  instead  of  pulses 
were  used  to  transfect  Gram-positive  cocci.  An  experimen¬ 
tally  determined  specific  absorption  rate  (S AR)  of  5  kW /kg 
was  reported.  With  an  efficiency  of  97  %  pores  of  at  least 
23.5  nm  were  measured,  with  a  pore  lifetime  of  9  min.  In  [16] 
Escherichia  coli  bacteria  were  permeabilized  with  a  field 
strength  of  only  300  V /m  at  18  GHz  below  a  critical  temper¬ 
ature  of  40  °C.  Uptake  of  150  kDa  fluorescein  isothiocyanate 
was  reported  with  a  cell  recovery  rate  of  88  %.  A  temporary 
morphological  change  was  monitored  after  microwave  treat¬ 
ment  in  comparison  to  a  control  test  under  the  same  thermal 
conditions.  In  [15]  permeabilization  of  red  blood  cells  (which 
are  cultured  in  suspension)  with  a  cell  viability  of  up  to 
94%  was  shown  at  1 8  GHz.  All  above  mentioned  publications 
have  in  common  that  they  use  continuous  wave  microwave 
fields  at  18  GHz,  with  a  dramatically  reduced  field  strength 
(~  300  V/m)  and  high  viability  rates.  Because  the  resulting 
potential  differences  at  the  cell  membrane  are  lower  than  the 
reported  minimal  values,  it  was  suggested  that  the  uptake 
mechanism  differs.  Due  to  the  high  losses  induced  by  the 
resonance  of  water  in  this  frequency  region  (tan  8  ~  0.88  at 
20  °C,  tan  5  «  0.63  at  35  °C  for /  =  18  GHz,  [17])  it  is  likely 
that  this  effect  is  linked  to  an  electrokinetic  modification  at 
the  cell  surface.  While  the  addition  of  sodium  chloride  in  the 
buffer  medium  changes  the  resonance  frequency  slightly  its 
influence  is  negligible  for  practical  mixtures  [18]. 


Devices  for  electroporation  range  from  simple  parallel 
plate  capacitors  in  cuvette  to  impedance  matched  broad¬ 
band  designs  for  sub-nanosecond  pulses  [19].  The  use 
of  microwave  frequencies  require  advanced  applicators  to 
deliver  the  field  strength  to  the  cells.  The  system  used  in  [16] 
is  based  on  a  closed  microwave  resonator.  As  the  uptake 
mechanism  seems  to  differ  from  conventional  electropora¬ 
tion,  it  is  beneficial  to  monitor  the  uptake  process  optically. 
In  addition,  optical  monitoring  is  non-invasive,  thus,  enabling 
real  time  observation.  Therefore,  in  [20]  we  demonstrated 
an  approach  for  exploring  the  field  of  microwave  assisted 
electroporation.  While  the  general  proof  of  concept  was 
shown  with  the  permeabilization  of  SF9  insect  cells  that  were 
cultured  in  suspension,  poor  optical  resolution  did  not  allow 
a  continuous  monitoring  of  the  process.  The  viability  was 
only  assessed  on  the  basis  of  the  cells  morphology.  More¬ 
over,  exact  estimations  of  the  electrical  field  strength  and  the 
temperature  at  the  spot  of  the  cells  were  not  made. 

In  this  paper,  the  delivery  of  fluorescent-labeled  peptides 
(Pep-5T)  into  adherent  C2C12  mouse  muscle  cells  with 
microwave  fields  at  18  GHz  is  demonstrated.  As  mentioned 
above,  usually,  electroporation  requires  bringing  adherent 
cells  into  suspension  for  the  treatment  and  subsequently  let 
them  re-adhere  onto  a  substrate  before  further  investigation. 
To  avoid  these  additional  time  consuming  and  cell-stress 
inducing  steps  of  the  protocol,  a  novel  planar  applicator  was 
developed  which  allows  for  microwave  exposure  of  the  cells 
directly  in  their  native  state.  The  design  of  the  applicator 
is  described  in  section  II.  The  minimal  size  of  the  appli¬ 
cator  reduces  the  amount  of  potentially  costly  substances 
and  makes  it  applicable  for  limited  cell  material  (e.g.,  pri¬ 
mary  patient  cells).  The  process  was  monitored  with  confocal 
microscopy  throughout  the  treatment.  After  72  h,  viability 
tests  were  conducted  using  the  Calcein  blue  AM  staining 
assay  as  described  in  section  III.  Finally,  a  comprehensive 
thermal  analysis  within  the  applicator  and  a  field  strength 
estimation  is  discussed  in  section  IV  to  tackle  the  question 
whether  the  observed  effects  are  temperature  or  field  induced. 

II.  APPLICATOR  DESIGN 

In  order  to  provide  high  field  strength  in  a  lossy  medium 
at  microwave  frequencies  with  a  limited  input  power  the 
transducer,  loaded  with  water  has  to  be  well  matched.  Apart 
from  this,  for  the  design  of  the  applicator,  several  aspects  have 
to  be  considered:  (1)  accessibility  for  microscopic  observa¬ 
tion,  (2)  potential  cell  toxicity  of  cavity  materials,  substrate, 
electrodes  as  well  as  the  connection  between  cavity  block 
and  substrate,  (3)  electrode  and  connection  layout,  (4)  cavity 
dimensions  in  relation  to  cell  culture  volume  and  final  sub¬ 
stance  concentration  considerations,  (5)  general  dimensions 
and  standard  microscope  hardware  and  working  dimensions 
(e.g.  stage  adapters,  objective  working  distances),  (6)  general 
consideration  on  application  of  cells,  liquids  and  handling. 

An  ungrounded  coplanar  waveguide  (cpw)  was  fabricated 
on  200  pm  thin  Schott  Mempax™ glass  with  a  relative  per¬ 
mittivity  of  s'r  =  4.7  and  tan(<$)  ~  10-2.  This  provides 


VOLUME  7,  2019 


78699 


lEEEAxess 


S.  Schmidt  etal Microwave  Induced  Electroporation  of  Adherent  Mammalian  Cells  at  18  GHz 


FIGURE  1,  Microwave  electroporation  tool:  A  cavity  with  the  maximal 
volume  of  90 fi\  allows  microwave  treatment  of  mouse  C2C12  adherent 
cells,  (a):  Cross  section  of  the  structure,  (b):  The  thin  and  fragile  glass 
substrate  is  mounted  with  conducting  silver  glue  in  a  metallic  frame.  It 
adds  stability,  serves  as  ground  for  the  waveguide  and  fits  to  the  stage 
adapter  of  the  microscope,  (c)  At  the  bottom  of  the  chamber,  the  50/^m 
gap  enables  live  cell  microscopy  while  exposing  the  cells  to  a  microwave 
field,  (d)  shows  the  cells  during  the  treatment.  Scale  bar:  50/^m. 


the  possibility  and  resolution  to  monitor  the  uptake  process 
kinetics  with  live  cell  confocal  microscopy  throughout  the 
treatment  and  observe  adherent  cells  over  several  days. 
A  gold  metalization,  which  is  not  harmful  for  living  cells, 
with  a  height  of  t  =  2.5  pm  was  plated.  The  gap  size  of  the 
coplanar  waveguide  corresponds  to  the  maximum  achievable 
electric  field  strength  for  a  given  limited  input  power.  For 
reasons  of  practical  realization  the  gap  was  chosen  to  50  pm. 
Moreover,  this  gap  size  is  suitable  to  observe  all  relevant 
cell  sizes  i.e.  at  least  one  cell  is  fully  visible  between  the 
electrodes.  On  top  of  the  cpw  a  90  pL  reservoir  made  out 
of  Rexolite™was  glued.  To  provide  mechanical  stability  for 
the  thin  glass  substrate,  the  applicator  was  mounted  with 
conducting  silver  glue  in  a  metallic  frame  which  fits  to  a 
common  microscope  stage  adapter  as  depicted  in  Figure  1  (a). 
The  frame  also  serves  as  the  ground  of  the  cpw. 

The  cpw,  as  depicted  in  Figure  1  (b),  was  tapered  in  an 
optimization  process  with  CST  microwave  studio.  In  order  to 
provide  maximum  field  strength  at  the  transducer,  the  reflec¬ 
tion  at  the  edge  of  the  container  needs  to  be  minimal.  Because 
the  open  ended  transmission  line  in  the  container  is  loaded 
with  a  highly  lossy  material  (similar  to  water)  it  is  possible  to 
match  the  structure. 

Figure  2  depicts  the  simulated  and  measured  S -parameters 
of  the  applicator  loaded  with  cells  and  water  (Figure  1  (c)). 


■  measured  loaded 


•  simulated  loaded 


FIGURE  2.  The  reflection  |Sn  |  of  the  structure  was  minimized  at  18  GHz 
for  the  case  of  a  filled  reservoir.  The  simulation  of  the  loaded  transducer 
shows  the  interaction  of  the  microwave  field  and  the  water  since  |Sn  | 
follows  the  losses  of  the  water.  The  measurements  differ  due  to  standing 
waves  and  losses  introduced  in  the  realized  applicator.  However, 
the  fixture  is  well  matched  (Sn  <  -10  dB)  around  18GHz. 


The  simulation  of  S\\  follows  the  losses  of  the  water.  Standing 
waves  and  additional  losses  of  the  realized  applicator  (glue, 
SMA  connector,  plated  gold)  introduce  differences  between 
the  measurement  and  simulation.  However,  the  measurement 
still  shows  the  strong  interaction  of  the  water  in  the  reservoir 
and  the  electric  field. 

III.  EXPERIMENTS  AND  MEASUREMENTS 

Adherent  C2C12  mouse  cells  were  incubated  with 
Pep-5T  with  the  amino  acid  sequence  LGQQQPFPPQQL- 
5TAMRA  (Biomedal  Life  Science,  Sevilla,  Spain)  and  an 
estimated  molecular  weight  of  MW=1795g/mol  (Pep  ca. 
1267.39  g/mol;  5T  ca.  527.53  g/mol)  for  10  to  30  min  prior 
to  electroporation  process  at  standard  cell  culture  conditions 
(i.e.  37  °C,  5  %  C02,  humidified  atmosphere).  All  experi¬ 
ments  were  carried  out  in  PBS  and  a  working  concentration 
of  lOpmol  of  Pep-5T.  After  initial  incubation,  at  time  to, 
no  peptide  uptake  was  visible  and  cells  appeared  as  dark 
outlines  within  the  chamber  (Figure  1  (d)).  Approximately 
10  min  after  microwave  field  exposure,  first  effects  (blebbing 
of  cell  membranes)  became  visible  followed  by  Pep-5T 
uptake  shortly  after.  Appearance  of  positive  cells  seems 
to  be  correlated  to  microwave  field  strength  starting  from 
the  chamber’s  beginning.  Experiments  were  stopped  after 
~  20  min,  as  the  majority  of  cells  within  the  observation 
region  turned  TAMRA-positive  (Figure  3  (a)).  Afterwards, 
the  electroporation  chamber  was  stored  in  the  incubator. 
After  72  h  Calcein  blue  AM  viability  staining  was  performed 
(Figure  3  (b)).  This  revealed  viable  cells  (shown  in  green)  that 
still  contained  Pep-5T  (shown  in  red). 

IV.  ESTIMATION  OF  ELECTRIC  FIELD  STRENGTH 
AND  TEMPERATURE 

In  principle,  both  temperature  and  electric  field  strength  are 
critical  parameters  for  the  success  of  electroporation.  They 
are  inherently  coupled,  since  the  losses  of  water  (which  is 
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(a) 


(b) 


(c) 


FIGURE  3.  Uptake  of  Pep-5T  into  adherent  cells:  Cells  were  incubated  for  ca.  10  to  30  min  with  Pep-5T  before  microwave  exposure  (t0).  Time  lapse 
microscopy  of  peptide  uptake  by  C2C12  cells  is  shown  during  the  process.  At  f1#  t2,  and  f3  the  marked  cell  is  depicted  just  before  its  uptake  started, 
during  the  process,  and  right  after  the  successful  transfection  (a).  Magnification  of  the  marked  region  is  shown  for  better  visualization  of  the  uptake 
process  (asterisk),  (b)  Three  days  after  microwave  electroporation,  cells  were  incubated  with  Calcein  blue  AM  (Life  Technologies  GmbH,  Darmstadt, 
Germany)  live  cell  dye  (shown  in  green)  to  monitor  viability.  Colocalization  of  living  (green)  and  peptide  positive  (red)  cells  is  shown  by  merging  color 
channels.  Double  positive  areas  are  depicted  by  white  pixels.  For  better  visibility  the  cpw  borders  are  marked  by  dashed  lines,  (c)  Control  tests  with 
different  thermal  conditions  show  no  uptake  of  the  peptide.  The  left  side  depicts  the  fluorescent  channel,  the  right  side  the  transmission  light. 

Scale  bar:  20fim. 


at  high  frequencies  electrically  almost  identical  to  the  used 
phosphate  buffered  saline  solution)  are  high  (tan(5)  ~  1)  at 
microwave  frequencies.  Therefore,  by  increasing  the  electric 
field  strength,  the  temperature  in  the  buffer  medium  and  cells 
also  increases.  While  on  the  one  hand  heating  can  be  mortal 
for  cells,  on  the  other  hand  it  is  not  reported  that  temper¬ 
ature  alone  can  induce  transfection  of  peptides.  However, 
it  is  an  open  question  if  a  certain  temperature  can  influence 
the  uptake  efficiency,  reduce  the  necessary  time  or  is  even 
required  for  successful  microwave  assisted  electroporation 
of  mammalian  cells  at  all.  For  example,  in  [21]  a  thermal 
pretreatment  of  the  skin  to  43  °C  led  to  an  enhanced  gene 
transfer  induced  by  electroporation  afterwards,  which  might 
be  based  on  a  higher  membrane  fluidity.  Therefore,  it  is 
necessary  to  evaluate  the  temperature  and  keep  it  constant 
throughout  different  experiments. 

Besides  using  higher  frequencies,  the  main  difference  to 
conventional  electroporation  in  [14],  [15],  is  the  lower  electric 
field  strength  which  was  reported  to  be  a  key  factor  for 
enhancing  the  cell  viability  accordingly.  As  a  consequence, 
knowing  the  exact  value  of  the  electric  field  strength  directly 
at  the  transducer  is  important  to  assess  the  experiment.  While 
temperature  measurements  can  be  performed  relatively  sim¬ 
ple  in  such  a  setup,  it  is  difficult  to  determine  the  electric  field 
at  the  position  of  the  cells.  For  this  reason,  at  first  temper¬ 
ature  measurements  were  conducted.  Afterwards,  a  coupled 
electromagnetic-thermal  simulation  was  made.  By  taking 
into  account  physical  boundaries  e.g.  ambient  temperature, 
convection  and  the  output  power  of  the  source,  the  thermal 
simulation  model  was  brought  in  line  with  the  corresponding 
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FIGURE  4.  The  simplified  cross  section  of  the  applicator  shows  the 
structure  of  the  relevant  materials  for  the  heat  flow.  The  heat  is  mainly 
transferred  to  the  adjacent  materials  of  the  transducer  i.e.  buffer 
medium,  metalization  and  Rexolite.  The  different  temperatures  were 
measured  and  matched  subsequently  to  a  coupled 
electromagnetic-thermal  simulation. 


measurements.  Subsequently,  the  corresponding  electric  field 
strength  was  determined  from  coupled  simulation  results. 

A.  TEMPERATURE 

Figure  4  depicts  a  simplified  cross  section  of  the  structure 
to  illustrate  the  heat  transport.  The  heat  source  is  dominated 
by  the  dielectric  losses  of  the  water.  In  particular,  the  50  pm 
gap  of  the  transducer  is  the  location  where  most  of  the 
electric  field  interacts  with  the  aqueous  buffer  medium,  and 
therefore,  the  heat  spot.  Because  of  the  small  dimensions, 
in  Figure  4  the  transducer  in  combination  with  a  thin  fluid 
film  is  assumed  to  be  a  homogeneous  heat  source  with  a 
temperature  &t.  Because  the  cells  of  interest  are  placed  in  the 
gap,  fit  is  also  the  maximum  temperature  they  are  exposed 
to.  The  heat  is  transferred  to  surrounding  materials,  namely 
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■  measured 


■  simulated 


FIGURE  5.  Although  the  volume  of  the  reservoir  is  low  and  convection 
occurs,  different  temperatures  can  be  measured  at  the  surface,  the  center 
and  the  bottom  of  the  buffer  reservoir. 


the  glass  substrate  Rexolite  container  and  the  fluid  in 
the  reservoir  with  a  temperature  at  the  center  of  the  reservoir 
of  &w.  At  the  surface  of  the  medium  an  other  temperature  (&s) 
is  assumed.  Because  the  metallic  frame  has  a  comparatively 
large  surface  and  good  thermal  coupling  its  temperature 
equals  the  ambient  air  temperature  &a. 

During  the  experiment,  different  temperatures  were 
measured  with  an  input  power  of  P\  =  24  dBm  as  depicted 
in  Figure  5.  The  experiments  were  conducted  in  a  temperature 
stabilized  laboratory  with  a  measured  temperature  of  = 
21.5  °C.  Since  the  volume  of  the  reservoir  is  small  (90  pL) 
similar  temperatures  at  the  surface,  center,  and  bottom  of 
the  reservoirs  are  expected.  This  is  due  to  convection,  which 
describes  the  heat  flow  caused  by  temperature  induced  den¬ 
sity  differences.  Nevertheless,  small  to  medium  temperature 
differences  occur.  At  the  surface  of  the  filled  reservoir  a 
temperature  of  —  27.7  °C  was  measured  with  an  infrared 
camera.  The  temperature  of  the  buffer  was  measured  at 
the  center  of  the  reservoir  with  a  fiber  optical  thermometer 
(Optocon  Fotempl-4,  standard  deviation  ±0.2  °C,  resolution 
0.1  °C)  which  is  not  affected  by  the  microwave  field.  The 
intrinsic  time  constant  of  the  thermometer  was  figured  out 
to  be  smaller  than  2  s,  and  therefore,  negligible.  However, 
the  time  constant  of  the  applicator  rm  =  70  s  can  be  seen  well 
in  the  depicted  measurement  of  the  water  temperature  which 
does  not  exceed  a  value  of  #w  =  32.8  °C.  Most  important 
is  the  temperature,  at  which  the  cells  are  exposed  to  during 
the  treatment.  The  temperature  sensor  of  the  fiber  optic  is 
made  out  of  teflon  which  has  a  different  dielectric  constant 
than  water.  Because  this  difference  would  eventually  affect 
the  field  strength  and  thus,  the  resulting  temperature  slightly, 
a  time  constant  during  the  heating  process  at  the  transducer 
could  not  be  measured.  Instead,  the  thermometer  was  dipped 


FIGURE  6.  The  heat  flow  can  be  divided  in  three  main  parts.  The  colors  of 
the  equivalent  thermal  circuit  matches  to  colors  of  the  physical 
arrangement  of  the  structure  in  Figure  4.  Here,  (a)  is  the  heat  flow 
through  the  fluid,  (b)  represents  the  path  of  the  substrate  combined  with 
the  metalization  and  (c)  is  the  path  of  the  glued  Rexolite  container.  For 
simplification,  cross  coupling  between  the  paths  was  neglected. 


several  times  on  the  structure  after  a  steady  temperature 
was  reached  in  the  buffer  medium.  A  maximum  temperature 
§t  =  34  °C  is  not  exceeded  and  well  below  normal 

culture  conditions  of  the  mammalian  cells  used  (37  °C). 
Hence,  as  in  control  experiments  the  incubation  of  cells  with 
TAMRA-peptide  at  37  °C  and  42  °C  for  up  to  1  h  does  not 
result  in  visible  peptide  uptake  (Figure  3  (c))  we  conclude 
that  microwave  induced  heating  alone  is  not  sufficient  for 
substance  uptake  in  cells  during  the  time  of  our  microwave 
experiments. 

In  order  to  validate  the  temperature  and  determine  the 
electric  field  strength  directly  at  the  transducer,  a  coupled  full 
wave  electromagnetic  and  thermal  simulation  of  the  structure 
depicted  in  Figure  1  was  performed  in  CST  microwave  stu¬ 
dio.  Figure  6  shows  the  equivalent  circuit  of  the  heat  flow 
which  is  helpful  to  determine  appropriate  physical  boundary 
conditions  and  assess  the  simulated  temperatures  correctly 
respectively.  The  heat  flow  P$  can  be  divided  in  3  parts. 
The  corresponding  colors  represent  the  arrangement  of  the 
materials  in  Figure  4.  Figure  6  trace  (c)  corresponds  to  the 
heating  of  the  Rexolite  container,  where  \/Rx  and  Cr  are 
the  thermal  conductivity  and  the  thermal  capacity  of  the 
Rexolite  respectively  and  1/Rrs  is  the  thermal  conductivity 
to  the  surface.  Trace  (b)  sums  up  the  heat  flow  through  the 
substrate  (Rg)  and  the  frame  (Cf,  Rfs),  where  the  letter  is 
assumed  to  be  negligible  small  and  thus,  the  temperature  of 
the  frame  #f  equals  the  ambient  temperature  #a-  Therefore, 
the  frame  was  neglected  for  the  simulation  and  replaced  by 
isothermal  boundary  conditions.  Both  traces,  (b)  and  (c)  are 
comparatively  well  represented  in  the  simulation  since  all 
thermal  properties,  apart  from  the  glue  of  the  container  as 
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39.8  °C  21.5  °C 


(a) 


35.4  °C  21.5  °C 


(b) 


FIGURE  7.  Simulated  temperature  distribution  inside  the  reservoir  filled 
with  water.  The  heat  is  caused  by  the  interaction  of  water  and  electric 
field.  Different  values  of  the  thermal  conductivity  coefficient  a  results  in 
both,  differences  in  temperature  distribution  and  maximum  temperature. 
While  (a)  depicts  the  temperature  without  convection  (a  =  1 ),  (b)  shows  a 
simulation  with  a  =  1  /2  which  mimics  convection  and  results  in  similar 
temperature  distributions  as  the  measurements. 


well  as  the  conducting  silver  glue  (cpw  to  metallic  frame), 
were  considered  in  the  model. 

The  dominant  path  for  determining  the  temperatures  and 
the  distribution  in  the  medium  is  (a).  At  the  interface  between 
medium  and  transducer  the  heat  is  transferred  to  the  medium 
depending  on  the  conductivity  of  the  water  l/Rw  which 
is  well  known  (0.6W/mK)  and  connected  to  the  ambient 
temperature  #a  at  the  surface  of  the  reservoir.  There  is  a 
discrepancy  between  simulated  and  measured  temperature 
gradients  of  the  medium  in  the  reservoir  as  thermal  convec¬ 
tion  is  not  incorporated  in  the  model,  depicted  inFigure  7  (a). 
In  fact,  temperature  differences  in  the  fluid  will  equalize 
due  to  density  differences,  which  influences  both  the  effec¬ 
tive  thermal  capacitance  (Cw)  and  the  conductivity  (1  /Rw). 
This  effect  can  be  modeled  by  introducing  a  coefficient 
0  <  a  <  1  and  therefore,  increase  the  conductivity  of 
the  water.  Parametric  sweeps  were  performed  to  match  the 
temperature  measurements  with  the  simulations  for  a  given 
input  power.  Figure  7  (b)  shows  the  temperature  distribution 
inside  the  reservoir  for  a  =  0.5  which  is  in  good  agreement 
to  the  measured  temperatures  of  the  transducer,  the  fluid 
and  the  surface.  Simplifications  were  made  by  neglecting 
cross  heating  between  the  paths.  For  example,  apart  from 
the  transducer  the  heated  fluid  volume  would  also  be  a  heat 
source  for  the  Rexolite  reservoir.  Therefore,  the  simulated 
time  constant  cannot  match  the  measurements. 

B.  ELECTRIC  FIELD  STRENGTH 

The  maximum  available  output  power  of  the  portable  power 
source  ( Hittite  HMC-T2240 )  used  during  the  experiments  is 
Pq  =  24  dBm  at  18  GHz.  The  attenuation  of  the  coaxial 
cable  and  the  adapter  respectively,  results  in  an  measured 
input  power  level  of  Pi  =  20.13  dBm.  This  power  level  was 
assumed  for  the  coupled  electromagnetic-thermal  simulation. 
Figure  8  (a)  and  (b)  depict  the  field  distribution  and  the 
evaluation  of  the  electric  field  strength  along  the  gap.  Due  to 


FIGURE  8,  The  electric  field  strength  inside  the  reservoir  was  evaluated 
with  full  wave  simulations,  (a)  Due  to  a  standing  wave,  a  local  minimum 
occurs  at  the  center  of  the  reservoir,  (b)  The  field  strength  was  evaluated 
along  the  gap.  Because  the  structure  is  symmetric,  the  cells  are  exposed 
to  the  same  electric  field  at  both  sides  of  the  transducer,  (c)  The  cells 
show  a  location-dependent  uptake  which  correlates  to  the  pattern  of  the 
field  strength.  In  contrast,  the  temperature  is  assumed  to  be  constant  due 
to  the  small  dimensions. 


standing  waves,  it  can  be  seen  that  a  local  minimum  occurs  at 
0.8  mm  and  the  field  strength  increases  at  the  beginning  and 
towards  the  end  of  the  transducer,  respectively.  This  distance 
can  be  validated  with  a  calculation  of  the  quarter  wavelength 
of  the  open  ended  waveguide  in  the  container  which  leads  to: 
k/4  =  co/(4  -/v^eff)  =  0-85  mm  with  £eff  ~  £s1?£m ,  where 
£s  =  4.7  and  sm  =  43.2  are  the  relative  permittivities  of 
the  substrate  and  the  medium  at  18  GHz  respectively.  For 
the  medium  the  Debye  model  of  water  was  chosen.  The 
simulation  does  not  incorporate  the  SMA  connector  of  the 
applicator,  the  losses  of  the  glued  Rexolite  container  and 
the  conducting  silver  glue  as  well  as  the  potentially  lower 
conductivity  of  the  plated  gold.  Therefore,  the  plotted  field 
strength  in  Figure  8  (b)  can  be  seen  as  an  upper  bound 
which  was  not  reached  during  the  experiments.  In  subplot 
(c)  it  can  be  seen  that  the  uptake  of  the  cells  follow  the 
pattern  of  the  electric  field.  While  higher  field  strength  at 
the  beginning  and  the  end  of  the  reservoir  results  in  uptake, 
at  the  center  of  the  transducer  no  uptake  can  be  reported. 
On  the  other  hand,  because  of  the  small  dimensions  and 
convection  the  temperature  can  be  assumed  to  be  constant  all 
over  the  structure.  The  homogeneous  temperature  distribution 
along  the  transducer  can  also  be  seen  in  Figure  7  (a)  and  (b). 
It  should  be  emphasized,  that  this  observation  is  an  evidence 
for  microwave  induced  electroporation. 

V.  CONCLUSION 

We  showed  the  uptake  of  Pep-5T  in  adherent  mammalian 
cells  (C2C12)  with  a  novel  microwave  electroporation 
system.  Our  prototype  allows  to  monitor  the  uptake  process 
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kinetics  with  live  cell  confocal  microscopy  and  is  suitable 
to  culture,  manipulate  and  observe  cells  over  several  days. 
The  adherent  cells  were  stained  three  days  after  the  exper¬ 
iment  with  Calcein  blue  AM.  Our  data  revealed  almost  no 
cell  mortality  during  the  treatment.  However,  due  to  the 
small  number  of  affected  cells,  quantitative  studies  were 
not  possible.  Simulations  and  measurements  showed  that  the 
temperature  does  not  exceed  34  °C  directly  at  the  location  of 
treatment.  Control  tests  at  different  temperatures  up  to  42  °C 
show  no  uptake.  The  electric  field  strength  in  the  reservoir 
was  figured  out  to  be  dependent  on  the  position  but  lower  than 
150  V/cm.  The  positive  uptake  correlates  with  the  pattern  of 
the  field  strength,  while  it  was  shown  that  the  temperature 
is  homogeneously  distributed.  It  cannot  be  ruled  out  that  a 
certain  temperature  range  affects  the  efficiency  of  the  process, 
but  it  should  be  emphasized,  that  microwaves  are  the  inducing 
factor  rather  than  temperature. 
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